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Description

[TECHNICAL FIELD]

[0001] The present invention relates to a cathode active material for secondary batteries and a secondary battery
comprising the same. 11 More specifically, the present invention relates to lithium iron phosphate having an olivine
crystal structure, wherein the length in the direction [001] is greater than the length in the direction [010] when the Li+

diffusion direction is the direction [010] in the lattice structure of the crystal, and a lithium secondary battery comprising
the olivine crystal structure-shape lithium iron phosphate as a cathode active material.

[BACKGROUND ART]

[0002] Carbon materials are generally used as cathode active materials for lithium secondary batteries that are being
used in rapidly increasing number. Also, the use of lithium metals, sulfur compounds, silicon compounds, tin compounds
and the like have been considered. Meanwhile, lithium-containing cobalt oxides (LiCoO2) are generally used as cathode
active materials for lithium secondary batteries. Also, the use of lithium-containing manganese oxides such as LiMnO2
having a layered crystal structure and LiMn2O4 having a spinel crystal structure, and lithium-containing nickel oxide
(LiNiO2) as the cathode active materials has been considered.
[0003] LiCoO2 is currently used owing to superior physical properties such as cycle properties, but has disadvantages
of low stability, high-cost due to use of cobalt, which suffers from natural resource limitations, and limitation of mass-
use as a power source for electric automobiles. LiNiO2 is unsuitable for practical application to mass-production at a
reasonable cost due to many features associated with preparation methods thereof. Lithium manganese oxides such
as LiMnO2 and LiMn2O4 have a disadvantage of poor cycle properties.
[0004] In recent years, methods to use a lithium transition metal phosphate as a cathode active material have been
researched. Lithium transition metal phosphates are largely divided into LixM2(PO4)3 having a Nasicon structure and
LiMPO4 having an olivine structure, and are found to exhibit superior high-temperature stability, as compared to con-
ventional LiCoO2. To date, Li3V2(PO4)3 is the most widely known Nasicon structure compound, and LiFePO4 and Li(Mn,
Fe)PO4 are the most widely known olivine structure compounds.
[0005] Among olivine structure compounds, LiFePO4 has a high output voltage of 3.5V, a high volume density of 3.6
g/cm3, and a high theoretical capacity of 170 mAh/g, as compared to lithium (Li), and exhibits superior high-temperature
stability, as compared to cobalt (Co), and utilizes cheap Fe as an ingredient, thus being highly applicable as a cathode
active material for lithium secondary batteries.
[0006] However, active materials used for lithium secondary batteries require high density and rate properties. Such
a LiFePO4 exhibits considerably low Li+ diffusion rate and electrical conductivity. For this reason, when LiFePO4 is used
as a cathode active material, internal resistance of batteries disadvantageously increases. As a result, when battery
circuits are closed, polarization potential increases, thus decreasing battery capacity.
[0007] In order to solve these problems, Japanese Patent Application Publication No. 2001-110414 suggests incor-
poration of conductive materials into olivine-type metal phosphates in order to improve conductivity.
[0008] However, LiFePO4 is commonly prepared using Li2CO3 or LiOH as a lithium source, by solid state methods,
hydrothermal methods and the like. Lithium sources and carbon sources added to improve conductivity disadvanta-
geously cause a great amount of Li2CO3.
[0009] Such Li2CO3 is degraded during charging, or reacts with an electrolyte solution to produce a CO2 gas, thus
disadvantageously causing production of a great amount of gases during storage or cycles. As a result, disadvanta-
geously, swelling of batteries is generated and high-temperature stability is deteriorated.
[0010] In addition, diffusion distance may be decreased through reduction of particles of LiFePO4. In this case, a high
cost is required for battery manufacture due to high BET.
[0011] Accordingly, there is an increasing need for lithium iron phosphates that do not cause generation of impurities,
maintain a suitable particle size and do not lead to side effects associated with Li+ diffusion or electrical conductivity.

[DISCLOSURE]

[TECHNICAL PROBLEM]

[0012] Therefore, the present invention has been made to solve the above problems and other technical problems
that have yet to be resolved.
[0013] As a result of a variety of extensive and intensive studies and experiments to solve the problems as described
above, the inventors of the present invention have discovered that lithium iron phosphate having an olivine crystal
structure in which a length of a Li+ diffusion direction satisfies the following specific conditions in crystal lattice structures
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exhibits superior Li+ diffusion rate in spite of large particle size, thus reducing battery manufacturing costs. Based on
this discovery, the present invention has been completed.

[TECHNICAL SOLUTION]

[0014] In accordance with one aspect of the present invention, provided is lithium iron phosphate having an olivine
crystal structure, wherein the length in the direction [001] is greater than the length in the direction [010] when the Li+

diffusion direction is the direction [010] in the lattice structure of the crystal.
[0015] In the crystal structure, x, y and z axes (or a, b and c directions) are represented by [100], [010] and [001].
Accordingly, in this specification, "the length in the direction [001] is greater than the length in the direction [010] when
the Li+ diffusion direction is the direction [010] in the lattice structure of the crystal" means that, the length in a z-axis
direction is greater than the length in a y-axis direction, when Li+ diffusion direction is a y-axis direction. That is, this
expression means the length in the direction perpendicular to the Li+ diffusion direction is greater than the length in the
Li+ diffusion direction.
[0016] In a preferred embodiment, the direction [001] may be a crystal growth direction. In this case, crystals are not
grown in the Li+ diffusion direction anymore and are grown only in a perpendicular direction thereof. As a result, in spite
of growth of crystals, the distance in which Li+ particles diffuse can be maintained. Li+ diffusion rate is inversely proportional
to distance. As mentioned above, crystals are grown only in the direction [001] and Li+ diffusion rate is not deteriorated.
[0017] The length in the direction [001] is preferably two or more times, more preferably, 2- to 50-times, of the length
in the direction [010]. Accordingly, the crystals may have a shape of rod, rather than spherical shape. When the length
in the direction [001] is less than two or more times the length in the direction [010], Li+ diffusion rate relative to particle
size cannot be obtained to a desired level, and on the other hand, when the length in the direction [001] is excessively
high, the length of particles is excessively great and problems associated with formation of secondary particles may be
present.
[0018] Meanwhile, in the lattice structure, the symbol "[ ]" is used to represent direction, and the symbol "( )" is used
to represent plane. Here, the value in the symbol "( )" represents an inverse number of points that contact x, y and z
axes. That is, the plane perpendicular to the x axis may be a contact point with respect to each axis (1∞∞) and an inverse
number thereof is (100). That is, the plane perpendicular to the direction [010] is (100).
[0019] In such a representation manner, crystals of lithium iron phosphate of the present invention may have various
phases of the plane (001) and preferably have a circular or oval shape. However, the shape of the plane (001) may be
varied when the length in the direction [001] is greater than the length in the direction [010].
[0020] The macro-morphology of lithium iron phosphate particles of the present invention is not particularly limited
and, in the afore-mentioned embodiment, may be a rod shape obtained by continuously growing crystals in a direction
perpendicular to a predetermined length in the Li+ diffusion direction.
[0021] In such a rod structure, the macro-morphology of particles in the direction [001] may be a bent shape with a
predetermined angle. For example, in the macro-morphology, the rod particles may be bent at an angle of 20 to 50
degrees, based on the direction [001].
[0022] In a preferred embodiment, the olivine-type lithium iron phosphate may be a compound having a structure of
the following formula 1.

Li1+aFe1-bMb(PO4-c)Xc (1)

wherein
M represents at least one selected from Al, Mg and Ti,
X represents at least one selected from F, S and N, and 

[0023] The olivine-type lithium iron phosphate according to the present invention may be prepared by any method so
long as the method enables formation of the afore-mentioned particles.
[0024] For example, the olivine-type lithium iron phosphate may be prepared by rapid reaction for a short reaction
time. It is thought that the specific particle shape mentioned above is formed by asymmetrically growing crystals along
a thermodynamically stable crystal plane in the rapid reaction process. For example, if the layer-shaped structure of
lithium iron phosphate is continuously grown, crystals are continuously grown from the end of the layer, while the growth
in the interlayer direction perpendicular to the layer is relatively limited and a macroscopically long rod structure is thus
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formed. For example, the reaction time for rapid reaction may be 0.5 seconds to one minute, preferably, one second to
10 seconds.
[0025] In a preferred embodiment, the rapid reaction may be carried out by a continuous super-critical hydrothermal
process or a microwave process.
[0026] The process for preparing lithium iron phosphate including a continuous super-critical hydrothermal process
for example includes the following (a) to (c).

(a) primarily mixing a starting material, an alkalinizing agent and the like to precipitate a transition metal hydroxide;

(b) secondarily mixing the mixture obtained in step (a) with supercritical or subcritical water to synthesize a lithium
metal composite oxide, followed by drying; and

(c) calcining the synthesized lithium metal composite oxide.

[0027] In step (a), as a starting material, a lithium precursor may be Li2CO3, Li(OH), Li(OH) · H2O, LiNO3 and the like,
and an iron (Fe) precursor may be a compound containing a bivalent iron such as FeSO4, FeC2O4 · 2H2O, or FeCl2,
and a phosphorous (P) precursor may be an ammonium salt such as H3PO4, NH4H2PO4, (NH4)2HPO4, or P2O5.
[0028] In addition, examples of the alkalinizing agent include alkali metal hydroxides, alkaline earth metal hydroxides,
ammonia compounds and the like. In step (b), supercritical or subcritical water may be water at 200 to 700°C at a
pressure of 180 to 550 bar and the calcination temperature in step (c) may be 600 to 1200°C.
[0029] The present invention provides lithium iron phosphate particles constituting secondary particles that have a
mean particle diameter (D50) of 5 to 100 mm and take the form of aggregates of the primary particles.
[0030] When the size of the primary particles is small, handling during the preparation process is difficult and preparation
costs disadvantageously increase. In order to solve this disadvantage, secondary particles may be formed by aggregating
primary particles having a small particle diameter. However, when almost no pores are present between primary particles,
particle diameter substantially increases due to strong bonding force and electrical conductivity is disadvantageously
deteriorated.
[0031] Accordingly, the present inventors discovered that when secondary particles are prepared using the primary
particles, secondary particles have a high porosity.
[0032] The present inventors discovered that when secondary particles having a high porosity are prepared, the shape
of secondary particles is at least partially deformed in the pressing process during fabrication of electrodes using the
same and may return to the primary particles and, as a result, electrical conductivity is improved.
[0033] That is, the olivine-type lithium iron phosphate particle according to the present invention is a secondary particle
(aggregate of primary particles), has a high porosity, thus satisfying high electrical conductivity and density (advantages
of the primary particles) and high process efficiency (advantage of secondary particles). Specifically, when an electrode
mix is prepared from secondary particles, amounts of binder and solvent used can be reduced and mixing and drying
periods can be shortened.
[0034] Accordingly, use of the olivine-type lithium iron phosphate particle according to the present invention for fabri-
cation of secondary batteries ultimately enables maximization of capacities of electrodes and batteries and energy density.
[0035] In the olivine-type lithium iron phosphate particle according to the present invention, porosity of secondary
particles is preferably 15 to 40% so that the secondary particles can return to the primary particles when the electrode
is pressed.
[0036] When the porosity of the secondary particles is lower than 15%, it is undesirable in that a pressure not lower
than a pressure that is commonly applied in the process of pressing electrodes should be applied in order to obtain fine
particles. In addition, when the porosity exceeds 40%, handling is disadvantageously difficult due to low bonding force
between primary particles. Furthermore, in terms of uniform dispersion of primary particles and process efficiency, the
porosity of secondary particles is more preferably 20 to 30%.
[0037] The pores present in the secondary particles may be of a closed or open-type. In terms of easy conversion into
primary particles and uniform dispersion, the secondary particles are preferably provided with a plurality of small pores.
Accordingly, the size of pores is preferably 200 to 700 nm, more preferably 300 to 600 nm.
[0038] Meanwhile, although secondary particles are deformed and converted into primary particles during fabrication
of electrodes, formation of secondary particles using crystallized primary particles is preferred in order to realize superior
electrical conductivity, stability of crystal structures, and high tap density. That is, preferably, the primary particles each
independently have an olivine-type crystal structure.
[0039] On the other hand, for example, when secondary particles are obtained by aggregating primary particles,
followed by calcination and crystallization, high pressure to return the secondary particles to the primary particles should
be applied due to high bonding force between primary particles and crystal structures are also deformed when secondary
particles are deformed, thus being undesirable in terms of difficulty of realizing the effect of improvement in conductivity
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based on small particle diameter.
[0040] In addition, in terms of facilitation of conversion into primary particles, secondary particles are preferably formed
by aggregating the primary particles through physical bonding such as van der Waals’ force rather than chemical bonding
such as covalent bonding or ionic bonding.
[0041] When the mean particle diameter of primary particles is excessively large, improvement in ionic conductivity
cannot be attained to a desired degree, and on the other hand, particles having an excessively small mean particle
diameter are not easy to prepare. In consideration of these aspects, the mean particle diameter (D50) of the primary
particle is preferably 50 to 550 nm, more preferably 100 to 300 nm.
[0042] In addition, when the mean particle diameter of secondary particles is excessively large, pores between sec-
ondary particles increase and tap density is disadvantageously deteriorated. On the other hand, when the particle
diameter is excessively small, process efficiency is poor. Accordingly, secondary particles preferably have a mean
particle diameter (D50) of 5 to 100 mm, more preferably, a mean particle diameter of 5 to 40 mm in terms of slurry mixing
and evenness of electrode surface. When the mean particle diameter is 40 mm or more, disadvantageously, precipitation
gradually occurs during slurry mixing.
[0043] The secondary particle preferably has a specific surface area (BET) of 10 m2/g.
[0044] In addition, the shape of secondary particles is not particularly limited and is preferably a spherical shape in
terms of tap density.
[0045] In a preferred embodiment, the olivine-type lithium iron phosphate may have a volume density of 0.5 to 1.5
g/mL. When the volume density is within this range, a contact area between the conductive materials can be maintained
at a high level, formation of a superior conductive network is possible, and electrical conductivity is superior.
[0046] The method for preparing lithium iron phosphate particles according to the present invention is not particularly
limited.
[0047] In a preferred embodiment, the method may include the following (1) to (3).

(1) preparing primary particles having an olivine crystal structure;

(2) preparing a mixture of the primary particles, a binder and a solvent; and

(3) drying the mixture and aggregating the primary particles to prepare secondary particles.

[0048] In some cases, the method may include after step (1) and before step (2), washing to remove salt impurities
that may remain in the primary particles (such as NH4NO3), ionic impurities (such as NO3

- and SO4
2- degraded from

metal precursors) and the like.
[0049] In step (2), preferably, the content of primary particles in the mixture is 5 to 20 wt%, based on the weight of the
solvent and the content of the binder is 5 to 20 wt% based on the weight of the solvent. At this time, internal porosity of
secondary particles can be controlled by controlling a ratio of the primary particles to the solvent. The drying and
preparation of secondary particles in step (3) may be simultaneously performed by various methods known in the art,
including spray drying, fluidized-bed drying, vibration drying, etc. In particular, rotating spray drying is preferred, because
it enables preparation of secondary particles in the form of spheres and thus improves tap density.
[0050] The drying temperature may be 120 to 200 °C and step (3) is preferably carried out under an inert gas (e.g.,
Ar, N2) atmosphere.
[0051] The present invention provides a cathode mix for secondary batteries comprising olivine-type lithium iron phos-
phate as a cathode active material. The cathode mixture may further optionally comprise a conductive material, a binder,
a filler and the like, in addition to the cathode active material.
[0052] The conductive material is commonly added in an amount of 1 to 30% by weight, based on the total weight of
the mixture comprising the cathode active material. Any conductive material may be used without particular limitation
so long as it has suitable conductivity without causing adverse chemical changes in the battery. Examples of conductive
materials include conductive materials, including graphite; carbon blacks such as carbon black, acetylene black, Ketjen
black, channel black, furnace black, lamp black and thermal black; conductive fibers such as carbon fibers and metallic
fibers; metallic powders such as carbon fluoride powders, aluminum powders and nickel powders; conductive whiskers
such as zinc oxide and potassium titanate; conductive metal oxides such as titanium oxide; and polyphenylene derivatives.
[0053] The binder is a component which enhances binding of an electrode active material to a conductive material
and current collector. The binder is commonly added in an amount of 1 to 30% by weight, based on the total weight of
the mixture comprising the cathode active material. Examples of the binder include polyvinylidene, polyvinyl alcohol,
carboxymethylcellulose (CMC), starch, hydroxypropylcellulose, regenerated cellulose, polyvinyl pyrrolidone, tetrafluor-
oethylene, polyethylene, polypropylene, ethylene propylene diene terpolymer (EPDM), sulfonated EPDM, styrene buta-
diene rubbers, fluororubbers and various copolymers.
[0054] The filler is a component optionally used to inhibit expansion of the electrode. Any filler may be used without
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particular limitation so long as it does not cause adverse chemical changes in the manufactured battery and is a fibrous
material. Examples of the filler include olefin polymers such as polyethylene and polypropylene; and fibrous materials
such as glass fibers and carbon fibers.
[0055] Meanwhile, the cathode active material may be composed of only the olivine-type lithium iron phosphate and
a combination of olivine-type lithium iron phosphate and lithium-containing transition metal oxide, if necessary.
[0056] Examples of the lithium transition metal composite oxide include, but are not limited to, layered compounds
such as lithium cobalt oxide (LiCoO2) and lithium nickel oxide (LiNiO2), or compounds substituted with one or more
transition metals; lithium manganese oxides such as compounds of formula Li1+yMn2-yO4 (0≤y≤0.33), LiMnO3, LiMn2O3
and LiMnO2; lithium copper oxide (Li2CuO2); vanadium oxides such as LiV3O8, LiFe3O4, V2O5 and Cu2V2O7; Ni-site
type lithiated nickel oxides of Formula LiNi1-yMyO2 (M = Co, Mn, Al, Cu, Fe, Mg, B or Ga, and 0.01≤y≤0.3); lithium
manganese composite oxides of Formula LiMn2-yMyO2 (M = Co, Ni, Fe, Cr, Zn or Ta, and 0.01≤y≤0.1), or formula
Li2Mn3MO8 (M = Fe, Co, Ni, Cu or Zn); LiMn2O4 wherein a portion of Li is substituted with alkaline earth metal ions;
disulfide compounds; and Fe2(MoO4)3.
[0057] The present invention provides a cathode wherein the cathode mix is applied to a collector.
[0058] The cathode for secondary batteries may be prepared by applying a slurry obtained by mixing the cathode mix
with a solvent such as NMP to a cathode current collector, followed by drying and press-rolling.
[0059] The cathode current collector is generally fabricated to have a thickness of 3 to 500 mm. There is no particular
limit as to the cathode current collector, so long as it has suitable conductivity without causing adverse chemical changes
in the fabricated battery. Examples of the cathode current collector include stainless steel, aluminum, nickel, titanium,
sintered carbon, and aluminum or stainless steel which has been surface-treated with carbon, nickel, titanium or silver.
If necessary, these current collectors may also be processed to form fine irregularities on the surface thereof so as to
enhance adhesive strength to the cathode active materials. In addition, the current collectors may be used in various
forms including films, sheets, foils, nets, porous structures, foams and non-woven fabrics.
[0060] The present invention provides a lithium secondary battery comprising the cathode, the anode, a separator,
and a lithium salt-containing non-aqueous electrolyte.
[0061] For example, the anode is prepared by applying an anode mix comprising an anode active material to an anode
current collector, followed by drying. The anode mix may comprise the afore-mentioned ingredients, i.e., the conductive
material, the binder and the filler, if necessary.
[0062] The anode current collector is generally fabricated to have a thickness of 3 to 500 mm. There is no particular
limit as to the anode current collector, so long as it has suitable conductivity without causing adverse chemical changes
in the fabricated battery. Examples of the anode current collector include copper, stainless steel, aluminum, nickel,
titanium, sintered carbon, and copper or stainless steel which has been surface-treated with carbon, nickel, titanium or
silver, and aluminum-cadmium alloys. Similar to the cathode current collector, if necessary, these current collectors may
also be processed to form fine irregularities on the surface thereof so as to enhance adhesive strength to the anode
active materials. In addition, the current collectors may be used in various forms including films, sheets, foils, nets,
porous structures, foams and non-woven fabrics.
[0063] Examples of the anode active material include carbon and graphite materials such as natural graphite, artificial
graphite, expanded graphite, carbon fiber, hard carbon, carbon black, carbon nanotubes, perylene, activated carbon;
metals alloyable with lithium, such as Al, Si, Sn, Ag, Bi, Mg, Zn, In, Ge, Pb, Pd, Pt and Ti and compounds containing
these elements; composites of carbon and graphite materials with a metal and a compound thereof; and lithium-containing
nitrides. Of these, a carbon-based active material, a silicon-based active material, a tin-based active material, or a silicon-
carbon-based active material is more preferred. The material may be used alone or in combination of two or more thereof.
[0064] The separator is interposed between the cathode and anode. As the separator, an insulating thin film having
high ion permeability and mechanical strength is used. The separator typically has a pore diameter of 0.01 to 10 mm
and a thickness of 5 to 300 mm. As the separator, sheets or non-woven fabrics made of an olefin polymer such as
polypropylene and/or glass fibers or polyethylene, which have chemical resistance and hydrophobicity, are used. When
a solid electrolyte such as a polymer is employed as the electrolyte, the solid electrolyte may also serve as both the
separator and electrolyte.
[0065] The lithium salt-containing, non-aqueous electrolyte is composed of a non-aqueous electrolyte and a lithium
salt. As the non-aqueous electrolyte, a non-aqueous electrolyte solution, solid electrolyte and inorganic solid electrolyte
may be utilized.
[0066] Examples of the non-aqueous electrolyte solution that can be used in the present invention include non-protic
organic solvents such as N-methyl-2-pyrollidinone, propylene carbonate, ethylene carbonate, butylene carbonate, dime-
thyl carbonate, diethyl carbonate, gamma-butyrolactone, 1,2-dimethoxy ethane, tetrahydroxy Franc, 2-methyl tetrahy-
drofuran, dimethylsulfoxide, 1,3-dioxolane, formamide, dimethylformamide, dioxolane, acetonitrile, nitromethane, methyl
formate, methyl acetate, phosphoric acid triester, trimethoxy methane, dioxolane derivatives, sulfolane, methyl sulfolane,
1,3-dimethyl-2-imidazolidinone, propylene carbonate derivatives, tetrahydrofuran derivatives, ether, methyl propionate
and ethyl propionate.
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[0067] Examples of the organic solid electrolyte utilized in the present invention, include polyethylene derivatives,
polyethylene oxide derivatives, polypropylene oxide derivatives, phosphoric acid ester polymers, poly agitation lysine,
polyester sulfide, polyvinyl alcohols, polyvinylidene fluoride, and polymers containing ionic dissociation groups.
[0068] Examples of the inorganic solid electrolyte include nitrides, halides and sulfates of lithium such as Li3N, LiI,
Li5NI2, Li3N-LiI-LiOH, LiSiO4, LiSiO4-LiI-LiOH, Li2SiS3, Li4SiO4, Li4SiO4-LiI-LiOH and Li3PO4-Li2S-SiS2.
[0069] The lithium salt is a material that is readily soluble in the above-mentioned non-aqueous electrolyte and examples
thereof include LiCl, LiBr, LiI, LiClO4, LiBF4, LiB10Cl10, LiPF6, LiCF3SO3, LiCF3CO2, LiAsF6, LiSbF6, LiAlCl4, CH3SO3Li,
CF3SO3Li, (CF3SO2)2NLi, chloroborane lithium, lower aliphatic carboxylic acid lithium, lithium tetraphenyl borate and
imides.
[0070] Additionally, in order to improve charge/discharge characteristics and flame retardancy, for example, pyridine,
triethylphosphite, triethanolamine, cyclic ether, ethylenediamine, n-glyme, hexaphosphoric triamide, nitrobenzene de-
rivatives, sulfur, quinone imine dyes, N-substituted oxazolidinone, N,N-substituted imidazolidine, ethylene glycol dialkyl
ether, ammonium salts, pyrrole, 2-methoxy ethanol, aluminum trichloride or the like may be added to the non-aqueous
electrolyte. If necessary, in order to impart incombustibility, the non-aqueous electrolyte may further contain halogen-
containing solvents such as carbon tetrachloride and ethylene trifluoride. Further, in order to improve high-temperature
storage characteristics, the non-aqueous electrolyte may further contain carbon dioxide gas or the like.
[0071] The lithium secondary batteries according to the present invention may be fabricated by a common method
known in the art. In addition, in the lithium secondary batteries according to the present invention, the structures of
cathode, anode and separator are not particularly limited and, for example, the lithium secondary batteries have a
structure in which respective sheets are inserted into a cylindrical, rectangular or pouch case in a winding or stacking
manner.
[0072] The present invention provides a medium and large battery pack comprising the lithium secondary batteries
as unit batteries.
[0073] The middle and large battery pack may be used for various devices requiring high rate properties and high-tem-
perature stability and examples thereof include power tools powered by battery-driven motors; electric vehicles including
electric vehicles (EVs), hybrid electric vehicles (HEVs) and plug-in hybrid electric vehicles (PHEVs); electric two-wheeled
vehicles including electric bikes (E-bikes), electric scooters (E-scooter); electric golf carts and the like.

[BRIEF DESCRIPTION OF THE DRAWINGS]

[0074] The above and other objects, features and other advantages of the present invention will be more clearly
understood from the following detailed description taken in conjunction with the accompanying drawings, in which:

FIG. 1 is an SEM image of a lithium iron phosphate having an olivine crystal structure (secondary particle) prepared
in Example 1;

FIGs. 2 and 3 are enlarged images of FIG. 1;

FIG. 4 is an SEM image of lithium iron phosphate having an olivine crystal structure (primary particle) prepared in
Example 1;

FIG. 5 is an enlarged image of the part "A" of FIG. 4 (rotated by an angle of 90 degrees to the left);

FIG. 6 is an enlarged image of the part "B" of FIG. 4 (rotated by an angle of 90 degrees to the left);

FIG. 7 is a graph showing test results of resistance and electrical conductivity of the electrode of Example 2 and
the electrode of Comparative Example 2 in Test Example 2; and

FIGS. 8 and 9 are graphs showing charge and discharge test results of the battery of Example 3 and the battery of
Comparative Example 3 in Test Example 3.

[BEST MODE]

[0075] Now, the present invention will be described in more detail with reference to the following examples. These
examples are provided only to illustrate the present invention and should not be construed as limiting the scope and
spirit of the present invention.
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<Example 1>

[0076] A first fluid stream containing an aqueous solution of iron sulfate, phosphoric acid and sugar and a second fluid
stream containing a mixture of ammonia and an aqueous lithium hydroxide solution were pumped under pressurization
at a rate of 5 ml/min and a pressure of 270 bar, a fourth fluid stream containing 460 °C ultrapure water was pumped
under pressurization to a third fluid stream supplied from the first reactor at a rate of 100 ml/min at the same pressure,
followed by mixing in a second reactor.
[0077] In the first fluid stream, the mixed aqueous solution consists of 22 parts by weight of iron sulfate and 9 parts
by weight of phosphoric acid (84 wt%), and 10% by weight of sugar is contained, based on the weight of iron sulfate.
The second fluid stream consists of 1.4% by weight of ammonia and 6.5% by weight of aqueous lithium hydroxide.
[0078] The mixture obtained from the second reactor was allowed to stand in an about 400°C third reactor for 10
seconds, cooled, concentrated, spray-dried at 130°C, and calcined under a nitrogen atmosphere at 650 °C for 11 hours
to prepare lithium iron phosphate.

<Comparative Example 1>

[0079] LiOH-H2O, FeSO4 and H3PO4 were added at a molar ratio of 3:1:1 (LiOH-H2O:FeSO4:H3PO4) to an autoclave
by a hydrothermal method and stirred using an impeller while an internal temperature was elevated to 200°C, to prepare
lithium iron phosphate.

<Test Example 1>

[0080] An SEM image of lithium iron phosphate having an olivine crystal structure (secondary particle) prepared in
Example 1 is shown in FIG. 1 and an enlarged image thereof is shown in FIGS. 2 and 3.
[0081] As shown in FIG. 1, the particles of lithium iron phosphate have an overall spherical shape, and, as shown in
FIGS. 2 and 3, secondary particles have a structure in which primary particles are aggregated at high porosity. As a
result of measurement, porosity was about 28%.
[0082] The primary particles are aggregated at a high porosity through physical bonding to constitute secondary
particles. Accordingly, when electrodes are fabricated using these secondary particles, secondary particles are deformed
in the pressing process and then converted into primary particles, thus exerting superior electrical conductivity.
[0083] In addition, as shown in FIG. 3, a plurality of primary particles have an overall rod structure. An SEM image of
one primary particle is shown in FIG. 4.
[0084] Referring to FIG. 4, primary particles of lithium iron phosphate have a substantially cylindrical shape, and, in
the crystal lattice structure, the horizontal direction of FIG. 4 may be represented by the direction [100], a direction
perpendicular thereto may be represented by the direction [001], and a direction perpendicular to the ground may be
represented by the direction [010]. It can be seen that the length in the direction [001] may be two or more times the
length in the direction [010]. In such a structure, Li+ diffusion primarily occurs in the direction [010] and growth of crystals
occurs in the direction [001]. Accordingly, although particles are continuously grown in the process of preparing lithium
iron phosphate, the length in the direction [010] is not greatly varied and does not have a great effect on Li+ diffusion rate.
[0085] FIGS. 5 and 6 are enlarged images of the parts "A" and "B" of FIG. 4.
[0086] Referring to these drawings, lithium iron phosphate particles have a layered structure and crystal growth in the
direction [001] occurs at the end of the layer and hardly occurs in the direction [010] and the direction [100], perpendicular
to the direction [001], that is, in interlayer directions.
[0087] As mentioned above, through such a specific crystal structure, problems of lithium iron phosphate, electrical
conductivity and deterioration in Li+ diffusion can be greatly reduced.

<Example 2>

[0088] 90% by weight of lithium iron phosphate prepared in Example 1 (as a cathode active material), 5% by weight
of Super-P (as a conductive material) and 5% by weight of PVdF (as a binder) were added to NMP, to prepare a cathode
mixture slurry. The slurry was coated on one surface of an aluminum foil, followed by drying and pressing, to manufacture
a cathode.

<Comparative Example 2>

[0089] A cathode was manufactured in the same manner as in Example 2, except that lithium iron phosphate prepared
in Comparative Example 1 was used as a cathode active material.
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<Test Example 2>

[0090] The resistance and electrical conductivity of the electrode (cathode) of Example 2 and electrode (cathode) of
Comparative Example 2 were measured. The results are shown in FIG. 7.
[0091] As shown in FIG. 7, the electrode of Example 2 exhibited considerably low resistance and high electrical
conductivity, as compared to the electrode of Comparative Example 2. The reason for this is that lithium iron phosphate
particles of Example 2 have a rod shape and a small BET, thus exhibiting better carbon coating effects than Comparative
Example 2, although the same amount (2.2 wt%) of carbon is coated on lithium iron phosphate.

<Example 3>

[0092] 97% by weight of lithium iron phosphate prepared in Example 1, as a cathode active material, and 5% by weight
of PVdF (binder) were added to NMP, to prepare a cathode mixture slurry. The slurry was coated on one surface of an
aluminum foil, followed by drying and pressing, to manufacture a cathode.
[0093] An electrode assembly in which Cell guard™ as a separator is interposed between Li metal foils as the cathode
and the anode was manufactured, and a lithium non-aqueous electrolyte solution containing 1M LiPF6 was added to a
mixed solvent of cyclic and linear carbonates to manufacture a battery.

<Comparative Example 3>

[0094] A battery was manufactured in the same manner as in Example 3, except that 96% by weight of lithium iron
phosphate was used as a cathode active material for manufacturing a cathode and 4% by weight of PVdF was used as
a binder.

<Test Example 3>

[0095] First, the reason for using the binder in a greater amount in the process of manufacturing the cathode for the
battery of Comparative Example 3, as compared to the battery of Example 3 is that lithium iron phosphate particles of
Comparative Example 1 used for Comparative Example 3 have a spherical shape and a high BET, thus exerting bonding
force when the content of binder is 4% by weight or more.
[0096] In addition, a conductive material was not added for manufacture of the cathodes of Example 3 and Comparative
Example 3 in order to confirm charge and discharge properties in a state that the effects of conductive material on Li+

diffusion rate are excluded.
[0097] Under these conditions, the battery of Example 3 and the battery of Comparative Example 3 were charged and
discharged. The results are shown in FIGS. 8 and 9. For reference, the battery of Comparative Example 3 exhibited
great reduction in cost under 0.5C charge/discharge conditions and could not be charged and discharged under 1C
conditions.
[0098] Referring to FIGS. 8 and 9, the battery of Example 3 exhibited considerably superior charge/discharge prop-
erties, as compared to the battery of Comparative Example 3. The reason for this is that lithium iron phosphate of
Example 1 used for the battery of Example 3 exhibits high Li+ diffusion rate due to lattice structure and superior charge/
discharge properties although additional conductive material was not added.
[0099] In addition, since particles have a rod shape, production of large particles is possible without affecting Li+

diffusion distance, which means that use of a small amount of binder is possible. Accordingly, manufacture of electrodes
with a considerably high energy density is possible and fabrication of batteries with a high capacity is thus possible.
[0100] Although the preferred embodiments of the present invention have been disclosed for illustrative purposes,
those skilled in the art will appreciate that various modifications, additions and substitutions are possible, without departing
from the scope and spirit of the invention as disclosed in the accompanying claims.

[INDUSTRIAL APPLICABILITY]

[0101] As apparent from the afore-going, the lithium iron phosphate having an olivine crystal structure according to
the present invention has a specific crystal structure, thus advantageously enabling preparation of a cathode active
material that does not affect Li+ diffusion in spite of large particle size and thus exhibits superior performance at low cost.

Claims

1. Lithium iron phosphate having an olivine crystal structure, wherein the length in the direction [001] is greater than
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the length in the direction [010] when the Li+ diffusion direction is the direction [010] in the lattice structure of the crystal.

2. The lithium iron phosphate according to claim 1, wherein the direction [001] is a direction in which particles are grown.

3. The lithium iron phosphate according to claim 1, wherein the length in the direction [001] is two or more times the
length in the direction [010].

4. The lithium iron phosphate according to claim 3, wherein the length in the direction [001] is within 2 to 50 times the
length in the direction [010].

5. The lithium iron phosphate according to claim 1, wherein the plane (001) of the crystal has a circular or oval shape.

6. The lithium iron phosphate according to claim 1, wherein the macro-morphology of the particle is a rod structure
and is bent at a predetermined angle in the direction [001].

7. The lithium iron phosphate according to claim 6, wherein the particle is bent at an angle of 20 to 50 degrees.

8. The lithium iron phosphate according to claim 1, wherein the olivine-type lithium iron phosphate has a structure of
the following formula 1:

Li1+aFe1-bMb(PO4-c)Xc (1)

wherein
M represents at least one selected from Al, Mg and Ti,
X represents at least one selected from F, S and N, and 

9. The lithium iron phosphate according to claim 1, wherein the olivine-type lithium iron phosphate is prepared by rapid
reaction for a short reaction time.

10. The lithium iron phosphate according to claim 9, wherein a reaction time of the rapid reaction is 0.5 seconds to 1
minute.

11. The lithium iron phosphate according to claim 9, wherein the rapid reaction is carried out by a continuous supercritical
hydrothermal method.

12. An olivine-type lithium iron phosphate particle, in which primary particles of the lithium iron phosphate according to
any one of claims 1 to 11 are aggregated to form secondary particles having an average particle diameter of 5 to
100 mm and a porosity of 15 to 40%.

13. The olivine-type lithium iron phosphate particle according to claim 12, wherein the size of pores present in the
secondary particles is 300 to 600 nm.

14. The olivine-type lithium iron phosphate particle according to claim 12, wherein the primary particles are aggregated
by physical bonding to form secondary particles.

15. The olivine-type lithium iron phosphate particle according to claim 12, wherein a mean particle diameter of the
primary particle is 100 to 300 nm, and a mean particle diameter of the secondary particle is 5 to 40 mm.

16. The olivine-type lithium iron phosphate particle according to claim 12, wherein the secondary particle has a spherical
shape.

17. A cathode mix for secondary batteries comprising the olivine-type lithium iron phosphate according to any one of
claims 1 to 11 as a cathode active material.
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18. A cathode for secondary batteries in which the cathode mix for secondary batteries according to claim 17 is applied
to a current collector.

19. A lithium secondary battery comprising the cathode for secondary batteries according to claim 18.

20. A battery pack comprising the lithium secondary battery according to claim 19 as a unit battery.

21. The battery pack according to claim 20, wherein the battery pack is used as a power source of a power tool, an
electric vehicle, an electric two-wheeled vehicle, or an electric golf cart.
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